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►  We  propose  a  novel  preparation  route  based  on  the  electrodeposition  of  metals. 

►  The  amorphous  thin  films  have  a  large  interfacial  surface. 

►  The  use  of  polymer  binder  and  conductive  carbon  additives  is  avoided. 

►  Cell  polarization  and  coulombic  inefficiency  are  minimized. 
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A  thin  film  electrode  consisting  of  a  mixture  of  iron  and  nickel  oxides  is  prepared  by  a  single  route. 
Electrochemical  deposition  from  Fe2+  and  Ni2+  solutions  on  a  titanium  substrate  and  further  thermal 
treatment  at  low  temperature  allowed  obtaining  a  nanocomposite  thin  film  of  NiO  and  Fe203.  The 
electrochemical  studies  performed  on  lithium  cells  assembled  with  this  electrode  material  revealed  the 
smallest  irreversibility  from  first  to  second  discharge  ever  reported  during  the  conversion  reactions  of 
metal  oxides  at  ~0.8  V.  Unlike  bulk  transition  metal  oxides,  the  poorly-crystalline  oxidized  material 
exhibited  an  unusually  low  discharge  polarization.  The  57Fe  Mossbauer  spectra  of  partially  discharged 
and  charged  electrodes  evidenced  the  reversibility  of  the  conversion  reaction  with  lithium  and  the 
efficiency  of  the  recovery  of  the  local  environment  of  iron  after  the  first  cycle. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

All  solid  state  batteries  have  gained  a  renewed  attention  as 
a  way  to  overcome  certain  limitations  in  the  present  lithium-ion 
models.  Thus,  this  concept  provides  undeniable  advances  for 
miniaturized  electronic  devices,  improvements  in  shelf  lives, 
prevention  of  electrolytes  leakage  and  better  performance  with 
temperature  [1  ].  On  the  other  hand,  the  use  of  conversion  reaction- 
based  electrodes  [2,3]  for  commercial  Li-batteries  is  promising  for 
future  applications  in  systems  that  demand  efficient  energy 
storage,  but  there  still  needs  to  get  rid  of  important  drawbacks.  Up 
to  date,  although  transition  metal  oxides  (TMO)  exhibit  at  least 
from  2  to  8  times  higher  capacity  vs.  graphite,  no  Lithium-ion 
battery  is  commercialized  under  this  concept  because  (i)  the  huge 
hysteresis,  in  terms  of  a  loss  in  energy  density,  observed  between 
cycles  of  discharge/charge  has  to  be  minimized  and  (ii)  the 


*  Corresponding  author.  Tel./fax:  +34  957  21  86  37. 

E-mail  address:  iqllacap@uco.es  (P.  Lavela). 

0378-7753/$  —  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.org/10.1016/jjpowsour.2012.12.008 


irreversible  capacity  between  the  first  and  second  cycle  represents 
almost  50%  of  the  total  capacity  (coulombic  inefficiency).  To  over¬ 
come  these  problems,  TMO  have  been  prepared  by  different  routes 
including  sol-gel  [4],  reverse  micelles  [5],  among  others.  Also, 
different  morphologies  and  particle  size  have  been  evaluated  to 
determine  their  effect  in  the  electrochemical  behavior  in  lithium 
cells  [6,7], 

The  upcoming  thin-film  technologies  are  leading  to  real  break¬ 
throughs  in  the  field  of  nanoscience  with  applications  in  energy 
storage  [8,9],  optics  [10]  or  medicine  [11],  We  have  previously 
shown  that  electrodeposition  is  an  efficient  and  reliable  technique 
for  preparing  1-D  Sn,  Fe,  SnO  and  Fe203  nanowires.  Our  syntheses 
of  active  materials  were  performed  using  a  template-like  method, 
by  electrodeposition  on  layers  of  self-organized  nanotubular  titania 
(ntTi02),  previously  formed  by  a  simple  anodization  process.  We 
have  shown  that  the  resulting  particle  morphology  can  enhance  the 
electrochemical  performances  not  only  for  Ti02  thin  films  but  also 
SnO  and  Fe203  nanowires  as  negative  electrodes  in  Li-ion  Batteries 
(LIBs)  [12,13],  However,  the  two  main  problems  mentioned  above 
were  not  solved  at  that  time. 
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A  completely  new  strategy  for  the  preparation  of  transition 
metal  oxides  is  proposed.  This  method  combines  electrodeposition 
followed  by  a  mild  thermal  treatment  to  obtain  the  transition  metal 
oxides.  Coulombic  efficiencies  of  ca.  85%  were  recently  reported 
[14],  In  this  work,  nanocomposite  thin  films  containing  NiO  and 
Fe2C>3  are  prepared  and  the  electrode  materials  are  evaluated  in 
lithium  test  cells.  Moreover,  the  origin  of  this  unusual  and  inter¬ 
esting  behavior  is  studied  by  a  combination  of  electrochemical  and 
spectroscopic  techniques  which  provide  different  clues  for  a  better 
understanding  of  their  attractive  behavior. 

2.  Experimental 

An  electrolytic  cell  is  assembled  with  a  Pt  wire  and  a  Ti  foil  as 
auxiliary  and  working  electrode,  respectively.  A  glass  reference 
electrode  (Ag/AgCl)  was  used.  The  electrolytic  solution  is  a  1:1 
mixture  of  0.02  M  iron(II)  sulfate  and  0.02  M  nickel(II)  nitrate 
solutions.  The  electrodeposition  experiments  were  carried  out  in 
air  atmosphere  at  room  temperature  passing  a  current  density 
of  -5  mA  cm-2  (referred  to  the  working  electrode  area)  through  the 
cell  during  20  min.  A  programmable  galvanostat/potentiostat 
PGSTAT12  Autolab  was  used.  The  electrodeposition  process  was 
surveyed  by  recording  potential-time  curves.  The  electrodeposited 
films  were  then  annealed  at  450  °C  for  2  h  to  obtain  the  transition 
metal  oxides.  The  mass  of  active  electrode  material  was  estimated 
from  a  quantitative  chemical  analysis  by  ICP  of  the  transition  metal 
content  in  the  thin  film.  For  the  sake  of  comparison,  a  reference 
sample  was  prepared  by  annealing  a  blend  of  nickel  (Aldrich, 
nanosize  activated  powder  with  purity  of  99.9+%)  and  iron  (Merck, 
particle  size  10  pm)  fine  powders  under  the  same  annealing 
conditions  than  the  films. 

X-ray  diffraction  was  carried  out  in  a  Siemens  D5000  instrument 
with  Cu  Ka  radiation.  The  microstructure  and  surface  morphology 
of  the  materials  were  characterized  by  using  transmission  and 
scanning  electron  microscopes  (JEOL  jem  2100  and  JEOL-SM6300 
instruments).  Swagelok™  type  lithium  test  cells  were  assembled 
into  an  argon-filled  glove  box  with  moisture  and  oxygen  levels  less 
than  2  ppm.  For  this  purpose,  a  lithium  disk  was  used  as  counter 
electrode  and  a  1  M  LiPFg  (EC:DMC)  solution  as  electrolyte.  The 
working  electrode  consists  of  the  as-prepared  oxide  thin  film 
without  any  additives.  The  electrochemical  tests  were  performed 
using  an  Arbin  multichannel  potentiostat/galvanostat  systems.  The 
galvanostatic  discharge/charge  experiences  were  performed  at 
a  rate  of  25—50  pA  cm-2. 

The  chemical  state  and  composition  of  the  electrode  materials 
were  analyzed  using  X-ray  Photoelectron  Spectroscopy  (XPS,  SPECS 
Phobios  150MCD)  using  Mg  Ka  source  and  a  chamber  pressure  of 
4  x  10-9  mbar.  57Fe  Mossbauer  spectra  were  recorded  in  trans¬ 
mission  mode  at  room  temperature  on  an  EG&G  constant  acceler¬ 
ator  spectrometer.  All  the  isomer  shifts  are  given  relative  to  the 
center  of  the  a-Fe.  The  experimental  spectra  were  fitted  to  Lor- 
entzian  lines  by  using  a  least  squares  based  method.  The  goodness 
of  the  fit  was  controlled  by  the  usual  x2  test. 

3.  Results  and  discussion 

The  voltammogram  (at  10  mV  s  ')  of  the  electrochemical 
deposition  of  the  nanocomposite  thin  film  of  NiO  and  Fe203  on  the 
Ti  substrate  was  carried  out  from  open  circuit  voltage  to  a  cathodic 
potential  limit  of —2.5  V  vs.  Ag/AgCl  (Fig.  la).  During  the  cathodic 
reaction,  there  was  no  reaction  until  ca.  -1.0  V,  in  agreement  with 
the  oxidation  state  of  the  transition  metals  in  the  electrolyte 
solution.  Then  the  deposition  starts  with  an  increase  of  the  cathodic 
current  below  —1.0  V  (vs.  Ag/AgCl),  which  is  attributed  to  the 
nucleation  and  growth  of  the  transition  metals. 


Fig.  1.  (a)  Voltammogram  recorded  at  10  mV  s"1  of  the  Ni2+  and  Fe2+  electrodeposi¬ 
tion  for  the  preparation  of  the  thin  film,  (b)  X-ray  diffraction  patterns  of  as-prepared, 
annealed  thin  film,  and  reference  sample:  Annealed  mixture  of  crystalline  Ni  and  Fe 
powders. 


However,  hydrogen  evolution  is  also  detected  simultaneously  to 
the  Fe2+  and  Ni2+  ion  deposition  at  potentials  more  negative 
than  —1.3  V.  Consequently,  a  pH  increase  is  expected  in  the  vicinity 
of  the  electrode  surface  and  the  subsequent  precipitation  of  metal 
hydroxides  or  hydrated  oxides  cannot  be  discarded  [15],  Anyway, 
these  as-prepared  deposits  showed  poor  electrochemical  perfor¬ 
mance  in  lithium  test  cells.  In  this  work,  they  are  only  considered  as 
intermediates  in  the  preparation  of  the  annealed  films  which  are 
characterized  below  in  more  detail. 

The  lack  of  well-defined  reflections  apart  from  the  titanium 
substrate  in  the  XRD  pattern  of  the  as-prepared  and  annealed  FeNi 
deposits  (Fig.  lb)  allows  neither  proper  phase  identification  nor 
calculating  particle  size.  The  oxidation  state  of  iron  and  nickel  in  the 
deposits  are  determined  below  from  XPS  results.  The  XRD  pattern 
of  the  reference  sample,  resulting  from  the  annealing  of  a  mixture 
of  bulk  nickel  and  iron,  reveals  a  large  number  of  reflections 
ascribable  to  Fe203  (JCPDS  #33-0664;  #39-1346)  and  NiO  (JCPDS 
#44-1159)  (Fig.  lb).  In  addition,  several  peaks  were  assigned  to 
reflection  of  the  initial  metals  such  as  Fe  (JCPDS  #06-0696)  and  Ni 
(JCPDS  #04-0850).  The  presence  of  reflections  ascribable  to  the 
elements  evidences  the  difficulty  to  oxidize  the  large  bulk  particles 
in  the  same  condition  used  for  the  thin  film.  On  the  other  hand, 
the  pattern  corresponding  to  the  oxidized  thin  film  exhibits  large 
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reflections  ascribable  to  the  titanium  current  collector.  Also,  broad 
and  low  intense  peaks  located  around  35.5,  43  and  63°  (20)  are 
detected  corresponding  to  a  mixture  of  Fe203  and  NiO  (Fig.  lb). 
Therefore,  an  inherent  advantage  of  the  electrochemical  deposition 
technique  is  the  suitable  control  of  the  amount  and  crystallinity  of 
the  electrodeposited  species.  We  should  highlight  the  X-ray 
amorphous  character  of  oxidized  binary  FeNi  thin  films  since,  to  the 
best  of  our  knowledge,  no  previous  studies  have  been  reported  yet. 

Energy  dispersive  X-ray  spectroscopy  (EDX)  analysis  of  the 
deposits  obtained  at  a  short  time  revealed  the  presence  of  Fe  and  Ni 
together  with  Ti  from  the  current  collector  (Fig.  2a).  Nitrogen 
adsorption  isotherms  (Fig.  2b)  reveal  a  Type  IV  isotherm  associated 
with  capillary  condensation  taking  place  in  mesopores.  In  fact,  the 
pore  size  distribution  curve  shows  a  narrow  signal  at  a  value  close 
to  2  nm.  Considering  Faraday’s  law,  the  estimated  mass  for  elec¬ 
trodeposited  FeNi-based  materials  is  around  1.8  mg  cm-2  for 
samples  obtained  at  20  min  of  deposition  times.  The  transmission 
electron  microscopy  image  in  Fig.  3a  shows  particle  morphology 
close  to  folded  sheets  with  a  thickness  of  only  a  few  nanometers.  A 
high  magnification  TEM  image  reveals  the  presence  of  nano¬ 
crystalline  domains  with  diameters  ranging  between  5  and  10  nm 
(Fig.  3b).  The  Debye  circles  recorded  in  the  selected  area  electron 
diffraction  (SAED)  pattern  are  ascribable  to  (012)  and  (110)  reflec¬ 
tions  of  NiO  and  (104)  and  (110)  reflections  of  a-Fe203  (inset  of 
Fig.  3b).  Lattice  fringes  were  only  visible  in  a  reduced  number  of 
regions  in  the  sample,  indicating  that  this  material  is  nanocrystal¬ 
line  rather  than  amorphous.  Cross-sectional  views  of  the  film  from 
SEM  images  (Fig.  3c),  revealed  a  thickness  of  ca.  5  pm. 


b 


Nitrogen  adsorption  and  desorption  isotherm  (inset:  pore  size  distribution)  of  the  thin 
film. 


Fig.  3.  Electron  microscope  images  of  the  thin  film,  a)  Low  magnification  TEM  image; 
b)  High  magnification  image  showing  the  nanocrystalline  particles.  (Inset:  SAED 
pattern  on  the  showed  particle);  c)  SEM  image  of  thin  film  edge. 


The  XPS  spectra  of  as-prepared  samples  before  thermal 
annealing  show  Fe3+  and  Ni2+  ions  exclusively  (Fig.  4).  The  as- 
prepared  deposits  showed  poor  electrochemical  response  and 
were  discarded  for  further  study,  In  contrast,  the  electrochemical 
performance  of  annealed  deposits  was  significantly  better,  as 
shown  below,  probably  due  to  their  quantitative  conversion  to 
oxides,  as  shown  by  the  SAED  results  (Fig.  3).  The  surface  of  the 
annealed  thin  film  was  analyzed  by  XPS  (Fig.  5).  The  sample  was 
subjected  to  Ar+  ion  etching  at  different  times  (1,  6,  16,  36  and 
86  min)  to  deeply  identify  the  composition  of  the  entire  film.  The 
XPS  spectrum  measured  on  the  outer  surface  of  the  annealed  thin 
film  shows  that  the  Fe  2p  core  levels  are  split  into  2pi/2  and  2p3/2 
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Fig.  4.  XPS  spectra  of  the  as-prepared  thin  film  before  thermal  annealing  for  the  Fe  2p 
and  Ni  2p  levels. 


components,  due  to  the  spin-orbit  coupling  (Fig.  5a).  The  signal 
detected  at  711.4  eV  is  ascribable  to  Fe3+.  The  shake-up  satellite  line 
characteristic  of  Fe3+  species  is  visible  at  719  eV.  This  feature  is 
common  in  Fe203-containing  materials  [16—18].  The  Ni  2p  spectra 
are  shown  in  Fig.  5b.  The  Ni  2p3/2  peak  at  856  eV  and  Ni  2pi/2  peak 
at  873.4  eV  reveal  the  presence  of  Ni2+  ions  [19,20],  The  depth 
profile  analysis  revealed  some  interesting  features  after  a  long  Ar- 
etching  treatment.  The  small  Fe  2p3/2  satellite  peak  at  719  eV 
progressively  disappears  and  a  lower  binding  energy  Ni  2p3/2  peak 
is  observed.  The  reduction  of  nickel  oxides  in  the  argon  ion  beam  is 
an  effect  previously  described  in  the  literature  [18],  This  is  the  most 
plausible  interpretation  to  the  presence  of  metallic  nickel  lines  in 
the  spectra  of  Fig.  5b. 

The  lithium  driven  conversion  reaction  is  a  well  known  mech¬ 
anism  allowing  a  high  density  and  reversible  lithium  storage  in 
transition  metal  compounds  [3-6].  Transition  metals  are 
completely  reduced  to  their  metallic  state,  hence,  promoting  a  large 
electron  transfer  per  formula  unit.  Their  low  working  voltages 
involve  their  use  as  potential  anodes  in  Li-ion  batteries.  Fig.  6a 
shows  the  voltage  versus  capacity  curve  performed  on  a  reference 
sample  consisting  of  the  mixture  of  bulk  NiO  and  Fe203.  As  can  be 
seen,  the  length  of  the  first  discharge  plateaus  reflects  fairly  well 
the  extent  of  Fe3+  and  Ni2+  reduction.  A  significant  irreversible 
effect  can  be  observed  at  the  end  of  the  charge.  The  second 
discharge  plateau  is  shifted  to  1.3  V  (Fig.  6b)  in  comparison  with  the 
main  reduction  plateaus  at  1.05  and  0.7  V  observed  in  the  first 
discharge. 

Changes  in  the  potential  of  the  conversion  reaction  may  have 
a  significant  impact  on  the  surface  area  and  surface  energy  changes 
as  previously  reported  [21  ].  If  such  effects  are  taken  into  account  we 
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Fig.  5.  XPS  spectra  of  the  thin  film  after  thermal  annealing  recorded  after  several 
periods  of  time  of  Ar+  ion  etching  for  the  (a)  Fe  2p  and  (b)  Ni  2p  levels. 


should  observe  a  change  in  the  potential  (V)  in  the  oxidized  NiFe 
(Fig.  7)  and  thus  admit  that  during  electrochemical  reactions  with 
Li  a  remarkable  increase  in  surface  area  take  place.  Indeed,  such 
postulation  is  confirmed  for  some  oxidized  singular  and  binary 
metal  reported  in  the  literature  by  the  observation  of  such  potential 
deviation  from  the  first  to  the  second  discharge  [21,22]  and  is  also 
visible  in  our  results  plotted  in  Fig.  7.  Several  reports  have 
demonstrated  the  benefits  of  using  nanocrystalline  TMO  as  elec¬ 
trode  materials  for  conversion  reactions  [6,7],  However,  the  shift  in 
cell  potential  and  the  irreversible  capacity  after  the  first  cycle  has 
not  been  largely  diminished. 

The  voltage  versus  capacity  plot  recorded  for  the  electro- 
deposited  sample  shows  a  different  profile  (Fig.  7a  and  b).  The  a- 
brupt  decrease  of  voltage  observed  in  the  highly  crystalline  sample 
is  replaced  by  a  sloping  voltage  accounting  for  400  pA  h  cm-2.  Then, 
a  short  quasi-plateau  is  spread  over  350  pA  h  cm-2.  These  elec¬ 
trochemical  features  are  clearly  identified  in  the  derivative  curve  by 
an  anodic  broad  band  at  1.4  V  and  an  anodic  narrow  peak  at  0.8  V, 
respectively.  At  the  end  of  the  discharge,  cell  potential  smoothly 
decreases  to  the  lower  cut-off  voltage,  which  is  ascribable  to 
a  reversible  pseudo-capacitive  behavior.  During  the  first  charge,  the 
profile  of  the  derivative  curve  showed  two  broad  and  low  intense 
bands  placed  at  ca.  1.3  V  and  2.3  V,  ascribable  to  the  metal  oxida¬ 
tion.  From  the  inspection  of  Figs.  6  and  7,  we  can  observe  that  the 
irreversibility  after  the  first  charge  is  significantly  reduced  as 
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Capacity  /  mA  h  g' 


(b)  derivative  curve. 


compared  to  the  bulk  TMO.  Another  interesting  feature  is  the  low 
voltage  shifting  between  the  first  and  second  discharge  that 
revealed  an  improved  reversibility  of  the  nanocrystalline  thin  film. 
Thus,  it  is  clearly  evident  that  our  novel  amorphous  TMO  thin  film 
sample  exhibits  a  distinctive  electrochemical  behavior  upon  cycling 
in  terms  of  discharge  polarization  and  irreversibility  in  first  cycle. 
As  a  matter  of  fact,  the  minimal  polarization  of  electrodes  is 
consistent  solely  with  the  presence  of  X-ray  amorphous  TMO  films, 
which  are  similar  to  those  found  when  starting  with  bulk  oxides 
after  cycling  the  cells.  The  cell  capacity  values  were  recorded  for 
a  number  of  cycles  for  both  the  thin  film  and  bulk  oxides  (Fig.  8).  It 
is  quite  evident  the  poor  performance  of  the  bulk  material  which 
initial  capacity  value  of  816  mAh  g-1  decreases  quickly  to 
235  mAh  g-1  after  only  10  cycles.  Otherwise,  the  thin  film  samples 
kept  a  capacity  value  of  353  mAh  g-1  after  the  same  number  of 
cycles.  This  result  confirms  the  validity  of  this  electrode  design  to 
optimize  the  electrochemical  behavior  of  transition  metal  oxides  in 
lithium  driven  conversion  reactions. 

57Fe  Mossbauer  spectroscopy  is  a  helpful  technique  to  unfold 
the  changes  of  oxidation  state  and  local  environments  of  the  probe 
atom.  The  spectrum  of  the  original  sample  shows  a  largely- 
broadened  split  signal  that  can  be  decomposed  in  two  super- 
paramagnetic  doublets  ascribable  to  two  different  local  environ¬ 
ments  for  Fe(IlI)  ions  (Fig.  9  and  Table  1 ).  It  differs  from  the  spectra 
recorded  for  bulk  material  in  which  the  ferromagnetic  effect  is 
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Fig.  7.  Galvanostatic  curves  for  thin  film  (a)  Voltage  versus  capacity  (areal  and  gravi¬ 
metric  scales)  and  (b)  derivative  curve. 


visible.  In  the  latter  case,  one  or  more  sextets  appear  for  the  Fe3+ 
ions.  For  nanometric  particles,  the  magnetic  interaction  between 
magnetic  domains  disappears  and  the  solid  becomes  super- 
paramagnetic  [23,24],  Due  to  the  lack  of  crystallinity  in  this  sample, 
their  assignment  to  crystallographic  sites  is  precluded.  The  signal 
with  the  large  value  is  ascribable  to  a  high  anisotropy  in  the  charge 
distribution  and  hence  to  iron  atoms  located  at  the  particle  surface. 
The  significant  contribution  of  this  signal  is  related  to  the  low 


Cycle  number 


Fig.  8.  Plot  of  capacity  versus  cycle  number  of  the  studied  electrodes. 
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Velocity  /  mm  s'1 


Fig.  9.  57Mossbauer  spectra  of  the  original  sample  and  partially  discharged  and 
charged  electrodes. 


Table  1 

Hyperfine  parameters  of  the  deconvoluted  Mossbauer  spectra  of  the  original  sample 
and  partially  discharged  and  charged  electrodes. 


Sample  5  (mm  s  ')  A  (mm  s  ')  T  (mm  s  *)  C  (%)  x2 


Original 
1.8  V 

0.5  V 
0.25  V 
0.0  V 

Charged  at  1  V 
Charged  at  3  V 


0.32(1) 

0.32(2) 

0.40(1) 

0.89(2) 

0.98(1) 

0.16(1) 

0.01(1) 

0.20(2) 

-0.02(3) 

0.219(2) 

0.03(3) 

0.226(8) 

0.076(7) 

0.35(1) 

0.36(1) 

0.94(4) 


0.68(2) 

1.28(3) 

0.63(2) 

132(3) 

2.11(2) 

0.88(2) 

0.35(2) 

0.79(4) 

0.39(5) 

0.73(4) 

0.36(6) 

0.95(1) 

0.38(1) 

0.61(1) 

1.03(2) 

2.37(6) 


0.50(2) 

0.61(2) 

0.51(2) 

0.62(3) 

0.43(3) 

0.55(5) 

0.55(2) 

0.59(3) 

0.58(5) 

0.58(4) 

0.59(5) 

0.54(5) 

0.55(4) 

0.42(1) 

0.42(3) 

0.62(9) 


52.4 

47.6 

41.6 

33.4 
24.9 

60.5 

39.5 

56.7 

43.3 

57.7 

42.3 

49.5 

50.5 
51.2 
35.1 

13.7 


0.672 

0.875 

0.567 

0.562 

0.634 

0.509 

0.571 


5:  isomer  shift;  A:  quadrupole  splitting;  T:  line-width  at  half  maximum;  C: 
contribution/concentration;  x2:  goodness  of  the  fitting. 


particle  size  of  the  nanocrystalline  material.  Conversely,  the  low 
split  signal  could  be  assigned  to  iron  atoms  inside  the  particle. 

Spectra  of  partially  discharged  and  charged  electrodes  were 
recorded  at  room  temperature  (Fig.  9).  The  deconvolution  of  the 
spectrum  recorded  on  a  sample  discharged  at  1.8  V  revealed  the 
appearance  of  two  new  and  highly  split  signals  centered  at  0.89  and 
0.98  mm  s-1  (Table  1).  These  signals  are  ascribed  to  Fe2+  ions  as 
intermediate  in  the  reduction  of  the  ferric  ions  to  their  metallic 
state.  Another  sample  was  discharged  at  0.5  V  corresponding  to  the 
end  of  the  plateau  at  0.8  V.  At  this  point,  the  spectrum  profile 
evidences  the  disappearance  of  the  signals  assigned  to  Fe2+.  Their 
deconvolution  resulted  in  two  doublets  with  distinct  quadrupole. 
Similarly  to  the  approach  applied  to  the  original  sample,  the 
different  quadrupole  splitting  values  can  be  related  to  the  location 
of  iron  atoms  at  either  the  surface  or  the  core  of  the  particle.  The 
efficiency  of  the  electrochemical  reduction  is  evidenced  by  the 
decrease  of  the  isomer  shift  values  mainly  observed  for  the  low  split 
signal.  Contrarily,  the  isomer  shift  values  for  the  high  split  signal 
range  from  0.16  to  0.22  mm  s'1.  It  can  be  explained  in  terms  of 
parallel  oxidation  reactions  of  surface  iron  atoms  in  close  contact  to 
the  electrolyte  [25,26],  On  charging,  an  increase  of  the  isomer  shift 
values  to  0.35  and  0.36  mm  s_1  is  indicative  of  the  electrochemical 
oxidation  of  the  iron  atoms  to  the  trivalent  state.  The  quadrupole 
splitting  values  of  the  sample  charged  at  3  V  are  also  similar  to 
those  of  the  original  sample.  This  fact  is  related  to  a  good  revers¬ 
ibility  and  an  efficient  recovery  of  the  trivalent  oxidation  state  for 
iron.  Only  a  minor  decrease  of  the  relative  contribution  of  the 
highly  split  doublet  could  be  indicative  of  a  slight  decrease  in  the 
population  of  iron  atoms  at  the  particles  surface  and  consequently 
an  increase  of  particle  size.  Also,  a  weak  contribution  of  Fe2+ 
remains  visible  after  charging.  Kinetic  effects  can  be  responsible  for 
the  presence  of  a  small  population  of  Fe2+  ions  at  the  core  of  the 
particles  whose  oxidation  was  not  completed  at  the  end  of  the 
charge. 

4.  Conclusions 

In  the  light  of  the  above  results,  the  use  of  nanocomposite  thin 
films  with  large  amount  of  interfacial  surface  and  no  binder  or 
conducting  additives  as  conversion  electrodes  can  minimize  first 
cycle  irreversibility  and  cell  polarization  during  cycling.  We 
propose  a  novel  preparation  procedure  based  on  the  electro¬ 
chemical  deposition  from  Fe2+  and  Ni2+  solutions  on  a  titanium 
substrate  followed  by  mild  thermal  treatment,  which  leads  to 
a  nanocomposite  thin  film  of  NiO  and  Fe2C>3.  The  resulting  nano¬ 
crystalline  thin  film  exhibited  a  good  electrochemical  behavior  in 
terms  of  coulombic  efficiency  observed  in  the  first  cycle  and 
minimal  discharge  polarization.  Such  enhancement  is  most 
probably  due  to  the  combined  nanocrystalline  and  thin  film 
character  of  the  starting  material.  Maximum  first-discharge 
capacities  of  around  740  mA  h  g_1  are  achieved  in  the  first  cycle. 
These  results  reveal  new  pathways  to  minimize  cell  polarization 
and  coulombic  inefficiency  in  electrode  material  undergoing 
lithium  driven  conversion  reaction  with  potential  application  in 
Li-ion  batteries. 
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